Anoxic sediments from Rotsee (Switzerland) were analyzed for the presence and diversity of methanogens by using molecular tools and for methanogenic activity by using radiotracer techniques, in addition to the measurement of chemical profiles. After PCR-assisted sequence retrieval of the 16S rRNA genes (16S rDNA) from the anoxic sediment of Rotsee, cloning, and sequencing, a phylogenetic analysis identified two clusters of sequences and four separated clones. The sequences in cluster 1 grouped with those of Methanosaeta spp., whereas the sequences in cluster 2 comprised the methanogenic endosymbiont of Plagiopyla nasuta. Discriminative oligonucleotide probes were constructed against both clusters and two of the separated clones. These probes were used subsequently for the analysis of indigenous methanogens in a core of the sediment, in addition to domain-specific probes against members of the domains Bacteria and Archaea and the fluorescent stain 4,6-diamidino-2-phenylindole (DAPI), by fluorescent in situ hybridization. After DAPI staining, the highest microbial density was obtained in the upper sediment layer; this density decreased with depth from (1.01 ؎ 0.25) ؋ 10 10 to (2.62 ؎ 0.58) ؋ 10 10 cells per g of sediment (dry weight). This zone corresponded to that of highest metabolic activity, as indicated by the ammonia, alkalinity, and pH profiles, whereas the methane profile was constant. Probes Eub338 and Arch915 detected on average 16 and 6% of the DAPI-stained cells as members of the domains Bacteria and Archaea, respectively. Probe Rotcl1 identified on average 4% of the DAPI-stained cells as Methanosaeta spp., which were present throughout the whole core. In contrast, probe Rotcl2 identified only 0.7% of the DAPI-stained cells as relatives of the methanogenic endosymbiont of P. nasuta, which was present exclusively in the upper 2 cm of the sediment. Probes Rotp13 and Rotp17 did not detect any cells. The spatial distribution of the two methanogenic populations corresponded well to the methane production rates determined by incubation with either [ 14 C]acetate or [ 14 C]bicarbonate. Methanogenesis from acetate accounted for almost all of the total methane production, which concurs with the predominance of acetoclastic Methanosaeta spp. that represented on average 91% of the archaeal population. Significant hydrogenotrophic methanogenesis was found only in the organically enriched upper 2 cm of the sediment, where the probably hydrogenotrophic relatives of the methanogenic endosymbiont of P. nasuta, accounting on average for 7% of the archaeal population, were also detected.
Lake sediments are vertically structured ecosystems in which microbial activity is predominantly influenced by the periodic availability of detritic organic matter coming from the photic zone. Hence, the anaerobic mineralization of organic matter has a trigger function for microbial activity in the sediment and relies on the close interchange of chemical, physical, and biological processes. The investigation of anaerobic organic matter mineralization therefore requires combined analyses of physicochemical parameters and microbial community structure. Besides its dependence on environmental factors, the rate of organic matter mineralization relies on the balanced cooperation of different microbial populations within a complex community, i.e., fermentative and hydrolytic bacteria, acetogens, and methanogens (42, 57, 59) . During the last two decades, Rotsee has been investigated intensively in order to assess the effect of organic input on the balanced function of the lake's ecosystem. Due to a constant low-level input of organic material, a high methane production was observed and anaerobic microbial processes took place within the anaerobic sediment and the hypolimnion, which is below a water depth of 10 m during summer stratification (28, 47) . Early studies focused on the sulfur cycle in the anaerobic hypolimnion as well as in surface sediments, where a sulfur reduction rate of 2 mmol per m 2 of sediment per day was measured (28) . Determination of the abundance of gene fragments encoding key enzymes was quantified by PCR in order to identify sulfatereducing, denitrifying, and nitrogen-fixing bacteria (33) . These analyses resulted in the detection of genes encoding assimilating sulfite reductase (dsrAB), nitrite reductase (nirS), and nitrogenase (nifD) in amounts of 10 8 to 10 9 , 10 6 to 10 9 , and 10 9 to 10 10 gene copy numbers per g of sediment (wet weight), respectively. No data, however, are available on the methanogenic community that is responsible for methanogenesis as a final microbial step in organic matter degradation resulting in the production of methane. The productivity of methanogenic communities in lake sediments is dependent on the temperature regime, which may be between 4 and 23°C, as well as on the availability of substrates which are mainly H 2 -CO 2 and acetate derived from mineralization processes (9, 12) . Generally, an increase in temperature causes higher methane production rates, as well as a shift from acetoclastic methanogenesis, i.e., acetate-consuming processes, to hydrogenotrophic methanogenesis, i.e., H 2 -CO 2 -consuming pathways. Ex situ experiments with sediment slurries under psychrophilic conditions (4°C) showed a predominance of acetoclastic methanogenesis (44) . In such systems, hydrogen derived from organic matter fermentation is consumed by acetogens (13) . Hence, methane production from hydrogen under psychrophilic conditions is a two-step process via acetate (35) . Furthermore, it has been shown that, at constant temperatures, the total methane production rate was positively correlated with the availability of organic matter (26) . Predominance of hydrogenotrophic methanogenesis was favored by the availability of freshly sedimented organic matter (22) , as well as by an increase in temperature up to 20°C (44) . Although methanogens have been studied intensively by applying cultivation-dependent approaches (17, 58) , there is still a lack of information about the in situ composition and activity of methanogenic communities under psychrophilic conditions, i.e., the natural situation of lake sediments in northern latitudes.
In recent years, in situ analysis of microbial communities based on 16S rRNA detection methods gained a broad acceptance in microbial ecology as reliable techniques that avoid certain biases associated with cultivation studies (36) . Recent investigations applying molecular techniques have identified methanogens from sediment or peatland (22, 34) that resulted in the identification of methanogenic sequences which were closely related but not identical to reference sequences from cultured taxa, similar to the results of earlier reports (15, 19, 52) . In addition, structural analyses of methanogenic communities were performed with artificial ecosystems such as anaerobic reactors or ex situ systems such as rice paddy microcosms (21, 38, 46) .
Our study aimed to analyze the in situ distribution and activity of methanogens in the anoxic sediment of Rotsee by using a combination of in situ and ex situ molecular analyses, combined with ex situ determination of methanogenic activity and the measurement of chemical profiles. This investigation resulted in a vertical distribution pattern of two dominant methanogenic populations of acetoclastic and hydrogenotrophic methanogens identified by in situ hybridization. In addition, these results confirmed methane production rates measured ex situ with either acetate or H 2 -CO 2 , as well as chemical profiles describing the zones of highest microbial activity.
MATERIALS AND METHODS
Ex situ analysis of methane production rates. For the ex situ analysis of methane production rates in the sediment of Rotsee, five sediment cores with a length of 50 cm and a diameter of 6.3 cm were retrieved from the deepest site (approximately 16 m) with a gravity corer in late summer (27) . The upper 10 cm of each core was sectioned into 1-cm slices. Slices of all five replicate cores were pooled into one set of depth samples, subsequently divided into three replicates for each incubation treatment, and homogenized in a double volume of sterilized anaerobic hypolimnetic lake water to which sodium sulfide was added (0.5 g liter
Ϫ1
; final pH, 6.8). Aliquots of 12.5 ml of suspended sediment were transferred to 25-ml serum bottles, closed with butyl rubber stoppers, and subsequently flushed with N 2 to a final pressure of 150 kPa. After preincubation for 4 days at the in situ lake temperature (6°C), either Na 2 [ 14 C]acetic acid (Amersham, Rainham, United Kingdom) or NaH 14 CO 3 (Amersham) was added to a final concentration of 7 or 40 M, respectively. The background level of acetate has been measured by ion-exchange chromatography (3) and was between 32 M (for core sections from 0 to 1 cm) and 15 M (9 to 11 cm), the alkalinity was analyzed with the Aquamerk test kit (Merck, Dietikon, Switzerland) and was between 8 mM (0 to 1 cm) and 9 mM (9 to 11 cm). So, the resulting dilution of labeled acetate ranged from 4.5 times (0 to 1 cm) to 2.1 times (9 to 11 cm), and that of labeled bicarbonate ranged from 200 times (0 to 1 cm) to 225 times (9 to 11 cm), which was taken into account for calculating the methane production rates.
The production of [ 14 C]methane was measured every 3 to 6 h on the first day of incubation and then daily over the next 3 days with a Tri-Carb 1600CA scintillation analyzer (Canberra Packard, Schlieren, Switzerland) as described previously, but with minor modifications (57) . Briefly, 1 ml of the headspace was removed with a syringe, into which 1 ml of 2 M NaOH was drawn up previously. The syringe with the gas-NaOH mixture was shaken thoroughly to dissolve CO 2 . Subsequently, the gas phase was injected into scintillation vials containing a toluene-based cocktail for the analysis of gaseous samples (Toluene Scintillator; Canberra Packard), while the liquid phase was transferred to scintillation vials containing a cocktail for liquid samples (Emulsifier Scintillator Plus; Canberra Packard). Samples incubated without 14 C-labeled substrates served as controls. The production of unlabeled methane was measured on a gas chromatograph (HRGC 51 60; Carlo Erba, Milan, Italy) equipped with a flame ionization detector (FID-40; Carlo Erba) and a megabore GS-Q column (J. & W. Scientific, Inc., Folsom, Calif.) with a length of 30 m. Hydrogen, with a flow rate of 4 ml min Ϫ1 at a temperature of 40°C, was used as the carrier gas. The headspace gas samples (0.2 ml) were injected with a Hamilton syringe and quantified with a calibration curve from a pure methane standard (1012.6 ppm; Carbagas, Bern, Switzerland).
Chemical analysis of in situ pore water composition. The analysis of ions and gases in the pore water of the sediment and in the adjacent water column was based on the equilibrium diffusion technique (7) . Dialysis plates 60 cm long and 1 cm thick (51) were mounted on a tripod and placed in the sediment at the deepest site of the lake (approximately 16 m) for 10 days in late summer. After retrieval of the dialysis plates from the sediments, pore water was obtained through septum stoppers at the sides of the plates by using syringes equipped with hypodermic needles. Alkalinity (acid-neutralizing capacity) in pore water was determined by end point titration to pH 4.3 with 0.1 M HCl (14) . Ammonia was determined colorimetrically as described elsewhere (14) . The pH was measured with a standard pH meter (Metrohm, Herisau, Switzerland) immediately after the pore water was sampled. For methane analysis, pore water was removed with a syringe immediately after retrieval of the dialysis plates and transferred through the rubber stoppers of 10-ml glass vials containing 2 ml of 1 M NaOH in order to inhibit bacterial growth. Methane in the headspace was subsequently analyzed by gas chromatography.
Ex situ analysis of Archaea based on 16S rRNA gene (16S rDNA) sequence retrieval. For the ex situ analysis of Archaea, total nucleic acids were extracted from the upper 10 cm of a sediment core freshly collected in late summer. Cells were lyzed by a bead-beating procedure, followed by phenol-chloroform extraction for further purification of the nucleic acids (24) . Archaea-specific PCR resulted in 825-bp-long fragments, which were subsequently cloned and sequenced (21) . The phylogenetic position of the clones was determined after EMBL/GenBank database searches by using FASTA (Genetics Computer Group), and alignment of sequences of clones and selected Archaea was done by using the program CLUSTAL V (version 1.60) (23) . A phylogenetic tree was calculated by the neighbor-joining method (41) in CLUSTAL V.
In situ analysis of microbial community based on in situ hybridization. By using the ARB probe design program (49) , probes Rotcl1 and Rotcl2, targeting the dominant methanogenic sequences retrieved from the sediment of Rotsee, as well as probes Rotp13 and Rotp17, targeting sequences in clones Rot13 and Rot17, respectively, were designed and labeled with the fluorescent dye Cy3 (Amersham) ( Table 1 ). Probe specificity was tested and stringent hybridization In order to analyze microbial community structure in the sediment of Rotsee, the upper 10 cm of a sediment core retrieved in late summer was sectioned into 0.5-cm slices directly after sampling. Subsamples of approximately 0.5 g (fresh weight) were fixed immediately with 96% ethanol and stored at Ϫ20°C until used for in situ hybridization, which was performed as previously described, but the hybridization buffer contained 0.1% blocking reagent (Boehringer, Mannheim, Germany) (10). Probe specificity was adjusted by the addition of different concentrations of formamide to the hybridization buffer: 40% for Rotcl1, 30% for Eub338 (1) and Rotcl2, and 20% for Arch915 (48) . Probes Rotp13 and Rotp17 were tested with formamide concentrations between 10 and 40%. No formamide was added for the hybridization with probes Eury498 and Cren499 (8) .
After hybridization and washing, slides were mounted with Citifluor (Canterbury, United Kingdom) solution and examined with a Zeiss Axiolab microscope fitted for epifluorescence with a high-pressure mercury bulb (50 W) and filter sets 02 (Zeiss; G365, FT395, LP420) and HQ-Cy3 (AHF Analysentechnik, Tübingen, Germany; G535/50, FT565, BP610/75). Microbial cells were counted at a magnification ϫ1,000. Forty fields covering an area of 0.01 mm 2 that had been randomly selected from a sample distributed over two circular areas of 53 mm 2 each were examined. Numbers are presented as means Ϯ standard deviations (n ϭ 40). The data were statistically analyzed by calculating a Pearson's correlation between the depth and the mean cell counts obtained after hybridization with the respective oligonucleotide probes and 4Ј,6-diamidino-2-phenylindole (DAPI). The significance level was set at a P of Ͻ0.05.
Nucleotide sequence accession numbers. Clones obtained from DNA extracted from the sediment of Rotsee were named Rot1 to Rot26, and sequences were deposited in the EMBL database under accession no. Y18080 to Y18095.
RESULTS AND DISCUSSION
Ex situ analysis of methane production rates. (Fig. 1) . Methane production from labeled bicarbonate decreased from 3.4 Ϯ 0.9 to 0.1 Ϯ 0.02 M day Ϫ1 , representing between 3 and 13% of the totally formed methane. In paddy soils, methane production rates from acetate were found to range between 50 and 90%, whereas H 2 -CO 2 was determined to be a precursor for 30 to 75% of totally produced methane in certain sediments (11, 45, 53) . Bicarbonate either can be converted directly to methane by hydrogenotrophic methanogens or can follow a two-step process in which acetogens use bicarbonate to form acetate, which is then available as a substrate for acetoclastic methanogens (35) . We assume that part of the methane produced comes directly from bicarbonate in the upper 2 cm of the sediment of Rotsee, since the measured total methane production could not be explained as a result of the acetate used as substrate alone. In addition, the environmental conditions in the upper layer of the sediment of Rotsee, which was highly enriched in organic matter, are comparable to those of studies where an increase in sedimentation rate caused a shift in the methanogenic community from acetoclastic methanogens to hydrogenotrophic methanogens (25, 45) . Our results suggest that the dominant methane precursor in the sediment of Rotsee is acetate rather than bicarbonate, similar to other reports, although a small amount of methane is also produced directly from bicarbonate (11, 29, 30, 32, 40, 43, 50) .
Chemical analysis of in situ pore water composition. A clear zonal separation of the vertical profile of alkalinity could be observed in the sediment profile. Alkalinity (HCO 3 Ϫ concentration) was 3.6 mM in the water layer above the sediment, with a steep increase shown below the sediment-water interface. Within the upper 2 cm, a large alkalinity flux of 7.5 mmol m Ϫ2 day
Ϫ1
, which is caused by the degradation of freshly sedimented material, was calculated ( Fig. 2A) . This is in contrast to deeper and therefore older layers, which contained already degraded material. A concentration profile similar to (Fig. 2B) . The values of ammonia were constant at 0.3 mM in the mixed water layer and increased almost 10-fold to a depth of 8 cm. Ammonia and alkalinity profiles were stable within 3 to 4 cm just above the sediment. This indicated the existence of a stagnant water layer, where the prevented convection reduced the chemical interchange between sediment and water.
In addition, the sediment composition showed remarkable differences within the first 2 cm. The upper layer was fluffier and different in color, and it originates from recently sedimented organic matter. The availability of easily degradable organic matter caused the high biological activity in this layer, which was indicated by the steep increase of ammonia and alkalinity values, as well as by the change of pH.
The pH in the hypolimnetic water was 7.5 and decreased steadily in the sediment pore water to 6.6 at a depth of 8 cm (Fig. 2C) , due to mineralization processes. The subsequent release of CO 2 , nutrients, and protons to the pore water can increase the activity of hydrogenotrophic methanogens, since they use H 2 -CO 2 as a substrate for the production of methane.
Methane concentrations in the sediment-water interface above the sediment were 5 to 6 mM and increased towards the sediment surface (Fig. 2D) . In the first 25 cm of the sediment, methane concentrations were constant at 33 mM. By using a Bunsen coefficient of 0.043 for the methane solubility at 10°C (55), we obtained a clear indication that methane will form gas bubbles below a depth of 16 m. Methane transport in the form of bubbles explains the difference in the shapes of the ammonia and alkalinity profiles in comparison to the rather constant methane profile. In the water column above the sediment, the methane concentrations are close to saturation under the pressure conditions of a depth of 16 m. A lower estimate for the methane flux can be obtained by assuming only molecular diffusion according to Fick's law. Using diffusion coefficients from Li and Gregory (31), we obtained a diffusive flux of 36 mmol m Ϫ2 day Ϫ1 . However, due to the transport of methane in gas bubbles, the methane concentrations measured at a certain depth may have been produced in a deeper layer. Therefore, the measured methane profile did not clarify any differences in the activity of methanogens.
In addition, sulfate concentrations in the sediment of Rotsee were below 1 M (data not shown), which can favor sulfate reducers to act as donors of net H 2 , which is then available for hydrogenotrophic methanogens (25) .
Ex situ analysis of Archaea based on 16S rDNA retrieval. Seventeen 16S rDNA sequences were retrieved from the sediment of Rotsee. Comparative sequence analysis revealed that most of the sequences grouped into two clusters (Fig. 3) . The first cluster comprised sequences of clones named Rot3, Rot4, Rot11, Rot16, Rot18, and Rot25, which were closely related to Methanosaeta concilii. The 16S rDNA sequence homologies between these clones and Methanosaeta concilii were above 97%, i.e., the sequences from the sediment of Rotsee represent a population of methanogens belonging at least to the genus Methanosaeta, if not to the species Methanosaeta concilii itself (2, 4, 56) . Within the second cluster, sequences of clones Rot6, Rot7, Rot12, and Rot26 grouped together with those of the methanogenic endosymbiont of Plagiopyla nasuta, with similarity values between 95 and 98%. Only Rot10, R13, Rot17, and Rot20 did not belong to these two clusters, and Rot13 and Rot20 were identified as members of a novel euryarchaeotal lineage (rice cluster V) that had been detected previously only in rice paddy soil (20) . The observed composition of methanogenic clones is like that reported for rice paddies: clones containing sequences closely related to Methanosaeta spp. are dominant, but sequences most like those of the endosymbiont of P. nasuta are also obtained (21) . Sequences of methanogenic endosymbionts of P. nasuta have also been detected in peat soils (22) . Whether the methanogens were really associated with protozoa, however, was not investigated.
In situ analysis of microbial community based on in situ hybridization. The highest density of DAPI-stained cells was detected within the upper 2 cm of the sediment core. It showed a continuous decrease with sediment depth (Fig. 4) . The sta- Archaea represented between 1.8 and 2.5% of the detected cells (18) . Probe Cren499, targeting members of the archaeal kingdom Crenarchaeota, did not result in counts, whereas probe Eury498, targeting members of the archaeal kingdom Euryarchaeota, identified similar numbers of cells as did probe Arch915 (data not shown). From this result, it was assumed that all detected Archaea belong to the kingdom Euryarchaeota.
Probes Rotp13 and Rotp17 did not result in the identification of cells by in situ hybridization, even under nonstringent conditions, indicating that the abundance of retrieved clones did not reflect the abundance of methanogens in the sediment of Rotsee. Probe Rotcl1 targeting cluster 1 of retrieved sequences and including Methanosaeta concilii resulted in cell counts of 2 to 6% of the DAPI-stained cells [(2.16 Ϯ 1.60) ϫ 10 8 to (1.45 Ϯ 0.77) ϫ 10 8 cells per g of sediment (dry weight)] and identified 32 to 150% of the cells detected with probe Arch915. Identifying more cells with probe Rotcl1 than with Arch915 is not due to specificity problems of the gene probes used but is caused by the formation of cell aggregates. This problem could be overcome by neither chemical nor mechanical treatments in order to achieve a better dispersion of the cells. In addition, no significant correlation between depth and cell counts was obtained with probes Rotcl1 (n ϭ 15) and Rotcl2 (n ϭ 4). In contrast to probe Rotcl1, which identified the major methanogenic population, probe Rotcl2 identified a minor population present exclusively in the upper 2 cm of the core. Probe Rotcl2, identifying organisms of cluster 2 which are related to the methanogenic endosymbiont of P. nasuta, accounted for 0.3 to 1% of DAPI-stained cells [(3.01 Ϯ 1.31) ϫ 10 7 to (3.22 Ϯ 2.86) ϫ 10 7 cells per g of sediment (dry weight)] and for 7% of the cells identified with probe Arch915. In comparison to other data reporting on variable densities of methanogens in sediments between 10 4 and 10 9 cells per g of sediment (dry weight), the sediment of Rotsee is inhabited by a large methanogenic community (30, 39, 50, 53) .
The fluorescence images obtained after in situ hybridization with probe Arch915 showed a variety of cell types, including cocci, thick filaments, and thin spiral-shaped cells (Fig. 5A) , while probes Rotcl1 and Rotcl2 identified two distinct methanogenic populations, each represented by cells of the same morphology. Methanogens identified with probe Rotcl1 were rod shaped and aligned within a sheathed filament, similar to Methanosaeta spp., to which they cluster phylogenetically (Fig.  5B) (5) . Cells detected by probe Rotcl2 showed a long, thin spiral shape, similar to Methanospirillum spp., bearing at maximum two subunits of longer rods (Fig. 5C) (37) . Similar to cells with the latter morphology, methanogenic endosymbionts have been described as Methanospirillum sp.-like cells (54) , despite the fact that endosymbiotic methanogens may have morphologies different from those of phylogenetically related free-living methanogens.
The ecological function of such a symbiotic association is more clear for the methanogens than for the respective hosts. Methanogens can consume H 2 for energy production by intergenic H 2 transfer from the host to the symbiont; these would be especially favorable in sulfate-rich habitats where methanogens are in competition with sulfate reducers. The positive effect on the host is less clear, despite the observation that certain ciliates, such as Plagiopyla frontata and Metopus contortus, grow faster while being associated with methanogenic symbionts (16) . However, as mentioned above, this study did not focus on the detection of protozoa. Moreover, the sulfate concentrations in the anoxic sediment of Rotsee were very low, and therefore rather noncompetitive, although one may suggest that the sequences retrieved in the present study belong to a methanogenic species that is capable of living either free or in a symbiotic state, depending on the environmental conditions.
These results demonstrate the usefulness of a combined strategy using molecular, physiological, and chemical analyses in order to characterize the distribution and activity of methanogenic communities in an anoxic lake sediment. The ammonia and alkalinity profiles which indicate zones of highest microbial activity were found to correlate very well with the ex situ-measured methane production rates and with the vertical differences in density of the methanogenic community demonstrated by in situ hybridization. Moreover, the 16S rRNAbased molecular analyses could clearly identify a major and a minor methanogenic population simultaneously present in the upper layer, whereby in deeper layers, only the major population was active, showing slightly decreasing cell numbers with depth. The major population has been identified as Methanosaeta spp., whereas the minor population is phylogenetically related to the methanogenic endosymbiont of P. nasuta and is assumed to be hydrogenotrophic. This confirms the higher methane production rates from acetate relative to those from H 2 -CO 2 , since all members of the genus Methanosaeta utilize acetate exclusively as a substrate (6) . In addition, this result strengthens the hypothesis that acetate is the predominant methane precursor in cold lake sediments. Moreover, the presence of hydrogenotrophic methanogens in the organically enriched upper layer emphasizes the ability of hydrogenotrophic methanogens to be active under psychrophilic conditions. However, still little is known about the in situ availability of methanogenic substrates under the influence of changing environmental conditions, which should be the focus of future studies.
